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Abstract 
We show that inline thermal oxidation is a very promising alternative to the use of conventional batch type quartz 
tube furnaces for the passivation of industrial phosphorus-diffused emitters. Our results reveal that both inline and 
batch oxidation allow similar results for oxide layer thickness, sheet resistance and, most important, emitter dark 
saturation current density J0e even when compressed dry air is used as a cost effective oxygen source. Using a 
~10 nm thin thermal oxide layer and a SiNx antireflection coating of adapted thickness, we achieve J0e values as low 
as ~100 fA/cm² (68 Ω/sq., textured surface). Using a simple inline oxidation process in air ambient, solar cells with a 
conventional Al-BSF rear side and a thermal SiO2/SiNx passivated front yield average efficiencies of 18.1%, 
demonstrating 0.3% absolute efficiency gain compared to solely SiNx passivated emitter references.  
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1. Introduction 
Thermal silicon oxides are well known to effectively passivate highly phosphorus-doped silicon 
surfaces. For thermal oxidation the use of batch type quartz tube furnaces is well established, but loading 
and unloading of the wafers into and out of the furnace is time consuming. Especially for thin oxide 
layers, where the growth process itself takes only a few minutes, wafer handling increases the total 
process time considerably. Thus, inline thermal oxidation processes are an attractive alternative, since 
they exhibit high throughput rates. However, the suitability of inline systems for the growth of thermal 
oxide layers with high surface passivation quality has not been proven yet. In this work we demonstrate 
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that the passivation of phosphorus-diffused emitters by inline thermal oxidation yields excellent results 
equivalent to tube furnace oxidation processes, enabling significantly reduced process time and cost. 
Moreover, we integrate inline thermal oxidation into the fabrication sequence for silicon solar cells with a 
full area aluminium back-surface field (Al-BSF) and a SiNx-passivated phosphorus diffused emitter to 
demonstrate the superior emitter passivation by thin thermal oxide layers [1-3]. 
2. Experimental 
2.1. Symmetric lifetime samples 
We use 1 Ωcm boron-doped floatzone (FZ) material with a starting thickness W = 250 µm; the process 
flow is illustrated in Fig. 1 (a). After alkaline texture, a shallow POCl3 phosphorus diffusion is performed 
resulting in a sheet resistance of 65 Ohm/sq. (Emitter 1) and 100 Ohm/sq. (Emitter 2). After removal of 
the phosphosilicate glass (PSG) and wet chemical cleaning, the samples are divided into several groups 
and different thermal oxidation processes are applied. We use different inline walking string furnace 
systems [4] as well as a conventional high quality batch type quartz tube furnace as reference process. For 
the inline systems, we apply different oxidation atmospheres containing oxygen or compressed dry air 
(CDA). The oxidation temperature and time is adapted to account for the differing oxide growth rates in 
different atmospheres, but does not surpass 900 °C. The targeted oxide layer thickness is 10 to 20 nm. 
After oxidation, a subsequent forming gas anneal (FGA) at 425 °C for 25 minutes improves the surface 
passivation and shows the potential of the investigated passivation layers; however, this sequence is not 
representative for the solar cell process. On top of the thermal oxide layer, we then deposit a SiNx 
antireflection layer of adapted thickness by means of plasma-enhanced chemical vapour deposition 
(PECVD). Figure 1 (b) shows a sketch of the fabricated samples.  
For characterization, we measure the oxide layer thickness by ellipsometry, the emitter sheet resistance 
Rsh by inductive coupling and the effective carrier lifetime τeff by quasi-steady state photoconductance 
(QSSPC). The QSSPC measurements evaluated at an excess carrier concentration Δn = 5·1014cm-3 yield 
the emitter dark saturation current density J0e using a low level injection evaluation formalism [5]: 
 
J0e = qni2W/{2·(NA+Δn)·[1/(τeff-1- τIntr-1)-W2/Dnπ2]}  (1)
Here, q is the elementary charge, ni = 9.09·109 cm-3 the intrinsic carrier density (25 °C), 
NA = 1.4·1016 cm-3 the dopant density, τIntr = 2.2 ms the intrinsic bulk carrier lifetime, and Dn = 27.4 cm2/s 
the diffusion constant. Using the single diode model, the open circuit voltage is calculated according to 
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Fig. 1. (a) Process flow for the fabrication of test structures; (b) Schematic sketch of the symmetric test structures 
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Voc = Vth·ln[Jsc/(J0e+J0b)]  (2) 
 
Here, Vth = 25.7 mV is the thermal voltage, Jsc = 37 mA/cm² the short-circuit current density and J0b 
the base dark saturation current density. 
2.2. Solar Cells 
To evaluate emitter inline oxidation on solar cell level, we use 125 mm large boron-doped Czochralski 
(Cz) silicon wafers with a base resistivity of 1 to 3 Ωcm and a thickness of 200 µm for the fabrication of 
solar cells. The process flow is shown in Fig. 2 (a) whereas Fig. 2 (b) depicts a schematic cross section of 
the final device. After forming a random pyramids structure in an alkaline solution, all wafers are subject 
to phosphorus diffusion in a tube furnace using POCl3 precursor liquid. The emitter sheet resistance is 
75 Ω/sq. (measured after diffusion). A short dip in HF solution then removes the PSG layer. On samples 
of group 1, a SiNx layer is deposited by means of PECVD. These wafers serve as a reference group. The 
rest of the wafers are subject to wet-chemical cleaning using standard clean 1 and 2 (SC1/SC2). By 
omitting the thermal oxidation step on samples of group 2, we are able to extract the influence of wet 
chemical cleaning on the cell parameters. We compare two thermal oxidation processes: In group 3, the 
thermal oxide layer is grown in oxygen gas in a quartz tube furnace. For group 4, a four track inline 
system is used instead with CDA as process gas. As the maximum thermal oxidation temperature does 
not surpass 900 °C, we do not expect a reduction of the Cz bulk carrier lifetime. Paddle to paddle time for 
the quartz tube furnace process is one to two hours. The inline process is considerably shorter with a total 
process time of 15 to 30 min. All thermal oxide layers are 10 to 20 nm thick, measured on the textured, 
phosphorus-doped surface by means of ellipsometry. A SiNx layer of adapted thickness, deposited on top 
of the thermal oxide layer, serves as an antireflection layer. Conventional screen-printing technology 
followed by contact firing in a conveyor belt furnace is used for the formation of Ag front and Al rear 
contact, including the Al-BSF. In addition, the rear surface features 2 mm wide stripes of soldering pads 
opposed to the front busbars. After laser edge isolation, the current-voltage (IV) characteristics are 
extracted with an industrial cell tester. 6 to 7 solar cells form one group. In addition, we fabricate and 
characterize solar cell related symmetric lifetime samples, similar to those of section 2.1. 
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Fig. 2. (a) Process sequence for the fabrication of Al-BSF solar cells with thermal oxide passivated phosphorus-diffused emitter; 
(b) schematic of the solar cell structure 
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3. Results and Discussion 
3.1. Symmetric lifetime samples 
Figure 3 (a) shows the emitter sheet resistance Rsh measured after thermal oxidation for both emitters. 
Rsh measured before thermal oxidation (i.e. after wet chemical cleaning) is indicated by a horizontal line. 
Activation of previously electrically inactive phosphorus during oxidation reduces Rsh. The thermal oxide 
layer thickness extracted on the textured, phosphorus diffused surface is found to range from 10 to 20 nm. 
Figure 3 (b) depicts J0e extracted from QSSPC measurements by means of Eq. (1). Shown are the J0e 
values determined after FGA and SiNx deposition (not fired). The measured τeff reach values of up to 
124 µs, corresponding to J0e = 87 fA/cm². All J0e values are quite low with respect to conventional 
emitters without thermal oxide passivation, which usually reach values of 250 - 300 fA/cm² (after SiNx 
deposition and contact firing) at Rsh of ~75 Ω/sq (see Table 2). Remarkably, the inline processes yield J0e 
values similar to the tube furnace O2 reference process. Even the use of compressed dry air as process 
atmosphere results in a compatible J0e level.  
3.2. Application to solar cells 
Table 1 lists the current-voltage-(IV)-parameters for the best cell as well as median and standard 
deviation for each group. The measurements are performed after the cell process, without full activation 
of light induced degradation due to boron-oxygen complex recombination [6]. An analysis of the 
conversion efficiency η yields a median of 17.8% for the SiNx passivated references from group 1. A wet 
chemical cleaning step after etching of the phosphosilicate glass (group 2) removes a highly doped silicon 
surface layer, which increases Rsh from 79 to 89 Ω/sq (see Table 1), thereby lowering the fill factor FF. 
Reduced recombination in the emitter near surface region results in a 0.5 mA/cm² higher short circuit 
current density Jsc and median η for this group of 18.0%. 
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Fig. 3. (a) Emitter sheet resistance on textured surface for emitter 1 and 2 obtained using different oxidation processes; (b) 
Emitter dark saturation current density on textured surface for emitter 1 and 2 measured after FGA and deposition of the SiNx 
antireflection coating on both sides. The J0e values are extracted from QSSPC data using Eq. (1). Also shown is the Voc limit 
PTQ_100257 
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The introduction of thermal oxidation leads to a 3 mV increased open circuit voltage Voc compared to 
the solely SiNx passivated reference group 2 due to an improved emitter passivation. In addition, the 
thermal budget during the oxidation processes lowers Rsh by 10 to 15 Ω/sq., which increases FF by 1%rel. 
Internal quantum efficiency measurements reveal a lower blue response for groups 3 and 4 compared to 
group 2, whereas only a marginally higher front surface reflectance is found. Thus, the reduced Jsc for the 
thermal oxide passivated cells seems to be related to the change of the emitter doping profile during 
oxidation. Nevertheless, a 1.5%rel. higher conversion efficiency η = 18.1% for both batch and inline 
oxidation processes is found. Thus, 0.3% efficiency gain using inline oxidation in CDA is achieved. A 
very simple inline oxidation process in compressed dry air ambient gives similar results as a tube process. 
Fig. 4 displays the conversion efficiency distribution for the different groups in a box plot style.  
To characterize the emitter, we use symmetric 1 Ωcm FZ silicon samples with a textured and 
phosphorus-diffused surface as described in section 2.1. These samples are processed parallel to the solar 
cells, including all process steps. Table 2 lists Rsh and J0e of these symmetric samples, all values extracted 
after contact firing. Although the J0e values are higher than in Fig. 3 (b), due to a different process 
sequence and applied processes, they still show a 10 mV higher Voc potential. Applying Eq. (2), we 
calculate, use J0e and add J0b = 870 fA/cm2, so that the calculated Voc of group 1 equals the measured Voc. 
We find a good correlation with the median Voc values extracted from the IV curve for each group. 
Table 1. IV-parameters for the best cell and median values including standard deviation extracted from IV measurements in an 
industrial cell tester, after the fabrication process (not stabilized). Thermal oxidation is performed either in a tube furnace or an 
inline furnace, using different atmospheres. The cell area is 149 cm², all cells feature soldering pads 
   Rsh 
(Ω/sq.) 
Voc 
(mV) 
Jsc 
(mA/cm²) 
FF 
(%) 
η 
(%) 
pFF 
(%) 
Gr. 1 Reference best cell 
median of 6 cells 
79 622 
622±0 
37.0 
36.6±0.3 
78.2 
78.4±1.0 
18.0 
17.8±0.2 
81.4 
81.6±0.3 
Gr. 2 SC1/SC2 
cleaning 
best cell 
median of 7 cells 
89 623 
623±0 
37.1 
37.1±0 
78.2 
78.1±0.1 
18.1 
18.0±0 
82.0 
82.0±0.1 
Gr. 3 Tube furnace 
O2 
best cell 
median of 6 cells 
76 626 
626±0 
36.7 
36.6±0.1 
79.0 
78.8±0.1 
18.1 
18.1±0 
82.5 
82.3±0.1 
Gr. 4 Inline furnace 
CDA 
best cell 
median of 6 cells 
73 625 
624±0 
36.8 
36.8±0 
79.0 
78.8±0.2 
18.2 
18.1±0 
82.3 
82.3±0.1 
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Fig. 4. Conversion efficiency measured in an industrial cell tester after fabrication (not stabilized). The cell area is 149 cm², all 
cells feature soldering pads. Each group consists of 6 to 7 solar cells 
PTQ_110046 
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4. Summary 
In this work we show that the growth of thin thermal oxide layers for phosphorus emitter passivation 
in an inline system is a promising alternative to the use of oxygen-based batch processes. Symmetric 
samples show similar J0e values of 100 fA/cm² (~68 Ω/sq.). Even compressed dry air yields similar results 
which allows further cost reduction. An application to solar cells yields similar conversion efficiencies of 
18.1%, for both tube oxygen and inline compressed dry air, and thus the combination of a cleaning step 
and thermal oxidation results in a 0.3% absolute increase compared to the reference. 
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Table 2. Emitter sheet resistance and dark saturation current density after firing, extracted from QSSPC measurements of 
symmetric samples using eq. (1), representing the textured and diffused front surface of each group. The calculated Voc values 
from Eq. (2) show good correlation with measured Voc values, when using Job = 870 fA/cm² 
  Rsh 
(Ω/sq.) 
J0e 
(fA/cm²) 
Voc calc. (J0b=0) 
(mV) 
Voc calc. (J0b = 870 fA/cm²) 
(mV) 
Voc meas. 
(mV) 
Gr. 1 Reference 79 270 658 622 622 
Gr. 2 SC1/SC2 cleaning 89 211 664 623 623 
Gr. 3 Tube furnace O2 76 156 672 625 626 
Gr. 4 Inline furnace CDA 73 178 668 624 624 
